The association between iron deficiency anaemia and cognitive function impairment has been widely reported in young children, but whether the impairment is a result of iron deficiency per se or a combination of iron deficiency and anaemia, and how these conditions interact, is still questionable. Four hundred and twenty-seven school children from two schools in socioeconomically deprived communities were selected in southern Thailand. Iron status was determined by haemoglobin and serum ferritin concentrations. Cognitive function in this study was measured by IQ test and school performance, including Thai language and mathematics scores, using z-scores based on distributions within the same grade and school. Data on demography and socioeconomic status were collected by questionnaire answered by the parents. Linear regression models were used to investigate the effect of anaemia and iron deficiency, reflected by haemoglobin and serum ferritin concentration, on cognitive function and school performance. We found that cognitive function increased with increased haemoglobin concentration in children with iron deficiency, but did not change with haemoglobin concentration in children with normal serum ferritin level. Children with iron deficiency anaemia had consistently the poorest cognitive function (IQ, 74.6 points; Thai language score, 0.3 SD below average; and mathematics score, 0.5 SD below average). Children with non-anaemic iron deficiency but with high haemoglobin levels had significantly high cognitive function (IQ, 86.5 points; Thai language score, 0.8 SD above average; and mathematics score, 1.1 SD above average). This study found a dose-response relationship between haemoglobin and cognitive function in children with iron deficiency, whereas no similar evidence was found in iron sufficient children.
Introduction
Iron deficiency and iron deficiency anaemia (IDA) are common in young children. Cognitive function impairment, the consequence of greatest concern, is well established in school children with late stage iron deficiency once anaemia is recognized, [1] [2] [3] [4] [5] but it is still controversial in non-anemic iron deficient children. 2, 3, [6] [7] [8] It has been suggested that tissue iron deficiency may develop early by means of a decrease in iron storage without anaemia that may have non-haematological consequences, for example, cognitive function or physical performance impairment. 6, 7 However, previous studies have not demonstrated clearly whether the cognitive function impairment found in children with IDA is due to iron deficiency or a combination of iron deficiency and anaemic status, or how these two conditions interact.
The National Anemia Surveillance Program 9 showed that the prevalence of anaemia has been declining in Thailand. A careful re-evaluation of existing iron supplementation in school children is therefore needed. In this study the baseline data of an intervention study were analysed in order to elucidate the relationships between iron deficiency, reflected by serum ferritin (SF), and anaemia, reflected by haemoglobin (Hb), and their effects on cognitive function in school children. We attempted to separate the effect of iron storage from that of haemoglobin level.
Materials and methods

Study site
From the records of primary schools outside Hat Yai municipality, two primary schools were selected as our study site as they were considered to have a high risk of anaemia, comprised at least 150 students, was accessible by automobile and teachers were willing to co-operate in the study.
These two schools, located approximately 35 km from the research centre, had a mixture of Buddhist and Muslim students. Thai-Buddhists speak Thai whereas Thai-Muslims speak both the Thai and Melayu languages. Family incomes were derived mainly from selling plantation products, particularly the rubber latex. The area is free from malaria and no iron supplementation program had been implemented previously at this study site.
Study subjects
An invitation letter providing information about the research project and requesting consent was sent to the parents of children who were in the first to sixth grades. Only children with written informed parental consent were recruited for the study.
Cognitive function assessment
The cognitive function of each subject was measured using the Test of Nonverbal Intelligence (TONI II) 10 and school performance without knowing the child's iron status. TONI II is easy to administer in the field. It is a standardized and culturally fair test for measuring abstract and figural problem solving, a major aspect of intelligence, in 5-80 years-olds. 10, 11 Its high test-retest reliability (R 2 = 0.86) and its high correlation (R 2 = 0.7) with a standard intelligence test (i.e., Wechsler's Intelligence Scale for Children (WISC)) in Thai children was its justification for use in this study. 12 Each of three trained testers established a rapport with each child and demonstrated how to complete the TONI II (form A). Items are arranged in order of difficulty and each consists of one picture question and four or five available responses, but only one correct response. Each child began with the item indicated in the manual (depending on age) and continued until he/she made three incorrect responses in five consecutive items. Total raw scores were computed and then converted to the corresponding IQ using the table provided within the manual. School performance included the average Thai language and mathematics scores collected from the two latest examinations in the previous academic year.
Determination of iron status
Haemoglobin and SF were used to determine iron status from a single venipuncture. A 2 mL sample of blood was placed into an ethylenediaminetetraacetic acid (EDTA) prepared tube for Hb, and 3 mL was kept in a plastic sealed test tube at ambient temperature (approximately 25°C) for serum ferritin measurement. Within three hours, all blood samples were transferred to the laboratory at Songklanagarind Hospital.
Haemoglobin content was measured using an automated machine (Technicon H*1E system; Technicon, Tarrytown, NY, USA) using the cyanmethemoglobin method. 13 Serum ferritin concentration (SF) was assessed by the IMx  assay (Abbott Laboratories, Abbot Park, IL, USA) using the Microparticle Enzyme Immunoassay (MEIA) method. 14 
Collection of other independent variables
Demographic variables, including school, class, sex, age, ethnic group, number of siblings and child ordinal position, and socioeconomic variables, including parents' education in years, father's and mother's occupations (none, casual/ farmer/trader, or government officer/private), family monthly income (≤ 5000 baht or > 5000 baht) were collected by a questionnaire answered by parents.
Body weight and height of children wearing school uniforms, without belts or shoes and with empty pockets, were measured using a beam balance Detecto scale and stadiometer (Detecto Scales, Brooklyn, NY, USA) to the nearest 0.1 kg and 0.5 cm, respectively. The weight-to-height ratio of each child was then compared with the weight-to-height data from the Nutrition Division, Ministry of Public Health, in 1996-97. 15 Using cut-off points at the 10th, 90th and 97th percentiles for weight-to-height, the children were classified as underweight (< 10th percentile), normal (10th -90th percentile), overweight (> 90th -97th percentile) and obese (> 97th percentile). Physical examination was performed by the first author to detect serious illness or infection.
Ethical consideration
This research was approved by the Ethical Review Committee of the Faculty of Medicine, Prince of Songkla University, Thailand.
Data analysis
Scatter plots were constructed between each cognitive function and Hb, broken down by SF into low SF group (≤ 20 µg/L) and normal SF group (SF > 20 µg/L). 16 On the horizontal axis, the points were grouped into three equal bands. The median values of each band were used to fit a cubic spline smoothing function curve. 17 For modelling, Hb concentration was classified into three groups at the cut-off points of 11.5 and 12.5 g/dL. Mean IQ, Thai language score and mathematics score converted to z-scores, based on the distribution within the same grade and school were compared across each subgroup of Hb and SF, with adjustment for potential confounders. Test for trend was carried out to examine the dose-response relationship between Hb and cognitive function for each group of SF. All analyses were carried out using STATA statistical software version 6 (StataCorp, College Station, TX, USA). 18 
Results
Out of 427 eligible children, the ratio of male to female subjects was 1:1, the average age was 9.6 years and the percentage of underweight and normal weight were 15 and 80%, respectively. Two-thirds of the children were Muslim and slightly more than one half had three siblings or more. Almost all parents were farmers whose formal education averaged 6 years and whose monthly income was less than 5000 baht or US$125.00, compared to the Thai national average of 12 729 baht or $US318.00, reported by the Household Socioeconomic Survey, National Statistical Office. None of the children had overt manifestation of thalassemia disease.
Of the total number of subjects, one-eighth had SF ≤ 20 µg/L and 22% were classified as anaemic (Hb < 11.5 g/dL for 5-11 years old; Hb < 12.0 g/dL for 12-13 years old). 19 The prevalence of IDA in these subjects was 4.2% of all of the children and 19.4% among the anaemic children. A screening test showed that two-thirds were positive for thalassemia traits.
As seen in Table 1 , age, height, parents' education and family monthly income were associated significantly with IQ. Sex, parents' education and family monthly income were associated with Thai language scores whereas only sex and parents' education were associated with mathematics scores. The overall average IQ was 78 ± 12 points (mean ± SD); higher IQ scores were found among children who were older and taller and whose parents had higher education levels and whose families had higher monthly incomes. Better school performance was found among children who were female and whose parents had a higher level education. Figure 1a ,c,e shows that IQ, Thai language and mathematics scores increased with increasing Hb in the low SF group with a significant dose-response relationship, while these cognitive function scores barely changed with Hb concentration in the normal SF group (Fig. 1b,d,f) . The group with the highest scores were children with high Hb but low SF. This pattern was verified after adjustment for potential confounders (Table 2) .
Using a group of exclusively SF > 20 µg/L subjects as the reference, significantly poorer mathematics score were found in children with low Hb and low SF concentrations, whereas significantly higher of IQ, Thai language and mathematics scores were found in children with high Hb but low SF.
Discussion
There was a significant different pattern of association between cognitive function and Hb in the different iron status groups, as reflected by SF level. IQ, Thai language scores and mathematics scores in children with low SF increased with increasing of Hb with a significant dose-response relationship. In contrast, these measures of cognitive function in children with SF above 20 µg/L was not affected by Hb concentration. Unexpectedly, the highest scores for cognitive function were in children with high Hb but low SF, whereas the lowest levels were found in those with both low Hb and low SF. High prevalence of anaemia with relatively low prevalence of iron deficiency (SF ≤ 20 µg/L) suggests that IDA might not be the most common cause of anaemia in this area.
Linpisarn et al. 20 also found that only 19% of anaemia cases in preschool-age children was IDA, and no IDA was found among anaemic school-age children in Northern Thailand. An SF concentration of ≤ 20 µg/L may not be a gold standard for iron deficiency as it can be elevated with infection or inflammation. 21, 22 However, we did not find such infection among our subjects. Nopparatana et al. found that 24 and 30% of pregnant women and their spouses who attended the antenatal clinic at the teaching hospital near the study area in 1994-95 had thalassemia traits. 23 In addition, β-thalassemia trait, a local common variant, can protect the carrier from iron deficiency. 24 Thus, the thalassemia trait may be an important contributor to non-iron deficiency anaemia. However, due to budget limitations, Hb typing was not undertaken in this study.
Average IQ on figural problem solving, measured by TONI II in this study (mean, 78; SD, 12 point), was relatively low compared with the average IQ in Southern rural Thai children reported by The National Health Survey (mean, 92; SD, 13 point) using similar measurements. 12 This may be influenced by socioeconomic deprivation in the study area.
Although cognitive function tended to be lower in children with iron deficiency anaemia, only mathematics scores were significantly lower than in the normal SF group. Previous studies reported both significantly and non-significantly different lower IQ scores in children with IDA. [2] [3] [4] 25, 26 The variability may be due to using different measurements, in which different aspects of IQ may be assessed. In contrast to our study, Pollitt et al. 2 found that Thai language scores were significantly lower while mathematics scores showed no significant difference in IDA children. This inconsistent finding may be explained by differences in assessment systems at different schools. Owing to the use of different measurements of IQ and assessments of school achievement, we may conclude only that IDA has a significant adverse effect at least in some areas of cognitive function.
The adverse effect of iron deficiency on cognitive function may be explained by diminished synthesis, packaging, uptake and degradation of neurotransmitters. 27 The most prominent feature of iron deficiency on cognitive function is the significant and selective diminution of central dopamine neurotransmission. 28 Electroencephalogram power spectrum also showed a slower activity in children with iron deficiency than in iron replete children, suggesting a developmental lag or central nervous system dysfunction among the former group. 29 Most studies have reported that children with iron depletion did not differ significantly in cognitive function from their peers, 2, 3, 8, 30 whereas a few studies have reported significantly poorer cognitive function. 6, 7 Our study unexpectedly found that children with iron depletion accompanying high Hb had the best cognitive function. When Hb is high enough, increasing iron levels may have some adverse effect on cognitive function. Studies in rats and mice reveal that iron overload may cause oxidative stress and has been related to carcinogenesis of the oesophagus and liver. [31] [32] [33] [34] [35] In children, iron supplementation does not always result in improvement of cognition. 2, 25 This evidence and the findings of our study suggest a need to carefully review the strategy of the iron supplementation program in Thailand. Bias, chance and confounders can distort the results of epidemiological studies. Measurement bias in this study was overcome by blinding and a standardized process. The investigation of Hb and SF in this study was performed in a standard laboratory using standardized techniques (coefficient of variation = 0.5-5.3%). Low SF has 95-100% specificity in determining low iron stores. 21, 36 This study allowed only a 5% chance of type I error, which is acceptably low, and we also found similar associations in different cognitive function tests. It is therefore unlikely to happen by chance. Potential confounders in this study (including socioeconomic status) were adjusted for.
Although bias was minimised and confounders were adjusted for, these results should be interpreted with caution because of the cross-sectional nature of the study. Further randomised control trials should investigate whether an increase in Hb can increase cognitive function in children with iron depletion. This study forms part of the dissertation of the first author to fulfil the requirement for PhD in Epidemiology at Prince of Songkla University. It is financially supported by the Thailand Research Fund through a Royal Golden Jubilee PhD Program award to Associate Professor Dr Ladda Mo-suwan and Dr Rassamee Sungthong, a Senior Research 
